The objective of this study was to investigate the effects of dietary mediumchain triglycerides (MCT) on hepatic lipid accumulation in growing rats with protein malnutrition. Weaning rats were fed either a low-protein diet (3%, LP) or control protein diet (20%, CP), in combination with or without MCT. The four groups were as follows: CP-MCT, CP ϩ MCT, LP Ϫ MCT, and LP ϩ MCT. Rats in the CP Ϫ MCT, CP ϩ MCT and LP ϩ MCT groups were pair-fed their respective diets based on the amount of diet consumed by the LP Ϫ MCT group. Rats were fed each experimental diet for 30 d. Four weeks later, the respiratory quotient was higher in the LP Ϫ MCT group than those in the other groups during the fasting period. Hepatic triglyceride content increased in the LP groups compared with the CP groups. Hepatic triglyceride content in the LP ϩ MCT group, however, was significantly decreased compared with that in the LP Ϫ MCT group. Levels of carnitine palmitoyltransferase (CPT) 1a mRNA and CPT2 mRNA were significantly decreased in the livers of the LP Ϫ MCT group, as compared with corresponding mRNA levels of the other groups. These results suggest that ingestion of a low-protein diet caused fatty liver in growing rats. However, when rats were fed the low-protein diet with MCT, hepatic triglyceride deposition was attenuated, and mRNA levels encoding CPT1a and CPT2 were preserved at the levels of rats fed control protein diets.
Fatty liver is a common feature of children with protein malnutrition ( 1 ) . Despite extensive research, the pathogenic factors that cause children to develop a fatty liver in response to protein malnutrition remain unclear. Although hepatic lipid deposition is enhanced, children with protein malnutrition display low serum lipid levels. The origin of these low serum lipid levels is generally accepted to involve a decrease in very lowdensity lipoprotein (VLDL) apolipoprotein synthesis (2) (3) (4) . Conversely, recent studies have shown that significant lipid deposition in livers of children with severe malnutrition is not associated with impaired synthesis of VLDL apolipoprotein ( 5 ) and children with protein malnutrition exhibit fatty acid oxidation rates that are lower in the malnourished stage than the recovering and well-nourished stages ( 6 ) .
Long-chain triglycerides (LCT) and medium-chain triglycerides (MCT) are hydrolyzed and absorbed in the gastrointestinal system differently ( 7 ) . LCT is absorbed via the intestinal lymphatic ducts and transported in chylomicrons through the thoracic duct into the systemic circulation. In contrast, MCT is readily hydrolyzed to medium-chain fatty acids (MCFA) by lingual and gastric lipases. MCFA is transported directly to the liver via the portal vein. Compared with dietary LCT intake, intake of MCT results in increased energy expenditure in human subjects (8) (9) (10) (11) (12) . Previous studies have thus reported that body fat accumulation is suppressed by dietary MCT intake ( 12 , 13 ) .
Although the effects of MCT on lipid metabolism in both healthy ( 8-10 , 13 ) and obese subjects ( 8 , 11-13 ) have been reported, whether MCT can improve lipid metabolism in malnourished subjects remains unclear. The present study examined the effects of dietary MCT on hepatic lipid deposition in rats fed low-protein diet, and then investigated the expression of genes encoding proteins involved in liver fatty acid oxidation.
MATERIALS AND METHODS
Animal experiments. Animal facilities and protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Kyoto Prefectural University. Male weaning Wistar rats (age, 3 wk) were purchased from CLEA Japan, Inc. (Osaka, Japan) and housed in individual metabolic cages in a temperatureand humidity-controlled room with a 12-h light/dark cycle (lights on 08:00-20:00 h). After an acclimation period of 5 d, rats were divided into 4 groups as follows: E-mail: kuwahata@kpu.ac.jp the CP group was fed a control diet containing normal levels of protein (20 g casein/100 g diet), with or without MCT; and the LP group was fed a low-protein diet (3 g casein/100 g diet), with or without MCT. Compositions of the test diets are shown in Table 1 . During the experimental period, rats in the CP-MCT ( n ϭ 10), CP ϩ MCT ( n ϭ 10) and LP ϩ MCT ( n ϭ 10) groups were pair-fed each test diet based on the mean amount of diet consumed ad libitum on the previous day by rats in the LP Ϫ MCT group ( n ϭ 11) in order to equalize the total food intake of each group. After 30 d of dietary treatment, rats were anesthetized with diethyl ether. Blood was drawn and centrifuged to separate plasma. Livers were rapidly removed and weighed. For Oil-Red O staining, pieces of liver were fixed in 10% formalin solution. Plasma and liver samples were stored at Ϫ 70˚C until analysis.
Measurement of respiratory quotient. After 4 wk of supplementation with each test diet, the respiratory quotient (RQ) was analyzed. Oxygen (O 2 ) consumption and carbon dioxide (CO 2 ) production were measured by indirect calorimetry using an open-circuit calorimetry system (Oxymax; Columbus Instruments, Columbus, OH). The data collection program was set at an airflow rate of 2.0 L/min and a measurement period of 15 s. RQ is calculated as the volume of CO 2 produced divided by the volume of O 2 consumed. Results of O 2 consumption and RQ showed data for 3 h (08:00-11:00 h), 21 h after providing the test diet.
Analysis of blood chemistry and hepatic triglyceride content. Plasma concentrations of total protein, albumin, total cholesterol and total ketone body were measured using the TP-L, BCG-L, TCHO-L and ketone-T kit (Cerotec Co., Sapporo, Japan), respectively. Samples were analyzed using a CL-8000 autoanalyzer (Shimadzu Co., Kyoto, Japan). Plasma concentration of triglycerides was measured using the triglyceride-E test (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
To determine the concentration of hepatic triglycerides, livers were homogenized in 4 volumes of saline using a Potter homogenizer. The homogenate was mixed with 5 volumes of 2-propanol, shaken for 10 min, and centrifuged at 3,000 rpm for 10 min. The upper layer was collected and assayed using the triglyceride-E test. Values were calculated as mg/g of wet tissue.
Oil-Red O staining. Frozen sections of formalin-fixed liver (3 m) were stained with Oil-Red O and counterstained with hematoxylin. Sections were imaged using a microscope (Olympus Co., Tokyo, Japan).
Preparation of total RNA and quantitative real-time polymerase chain reaction. Total RNA was extracted using the ISOGEN system (Nippon Gene, Tokyo, Japan) according to the manufacturer's protocol. First-strand complementary DNA was synthesized using M-MLV reverse transcriptase (Invitrogen Corp., Carlsbad, CA). Real-time polymerase chain reaction (PCR) (DNA Engine Opticon, Bio-Rad, Hercules, CA) was performed using SYBR Premix Ex Taq (Perfect Real Time) (TaKaRa Bio Inc., Shiga, Japan). The specific primers used for real-time PCR are shown in Table 2 . The mRNA levels were normalized to the level of ␤ -actin mRNA.
Statistical analysis. Data are expressed as mean Ϯ SE. Statistical analysis for multiple comparisons was performed using two-way analysis of variance (ANOVA), and individual groups were compared by the TukeyKramer post hoc test. Data analysis was performed using Statcel2 software (Oms Publishing Inc., Tokyo, Japan) and considered statistically significant at values of p Ͻ 0.05. Table 2 . Sequences of primers used for real-time RT-PCR.
Sense primer
Antisense primer
The GenBank accession numbers are indicated in brackets. The primer sequences are written from 5 ′ to 3 ′ end. CPT1a, carnitine palmitoyltransferase 1a; CACT, carnitine-acylcarnitine translocase; CPT2, carnitine palmitoyltransferase 2; LCAD, long-chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; ACO, acyl-CoA oxidase.
RESULTS

Characteristics of experimental animals
No significant differences in food intake were seen among the experimental groups (CP-MCT, 9.6 g/d; CP ϩ MCT, 9.6 g/d; LP Ϫ MCT, 9.3 Ϯ 0.1 g/d; LP ϩ MCT, 9.5 g/d). Body weight during consumption of experimental diets increased slightly in rats fed CP diets (Fig.  1) . Conversely, rats fed LP diets had a slight decrease in body weight (Fig. 1) . After 4 wk of supplementation with each test diet, no significant differences in O 2 consumption during the fasting period were seen among the experimental groups ( Fig. 2A) . On the other hand, RQ was higher in the LP Ϫ MCT group than in other groups (Fig. 2B) .
Final body weight, plasma concentration of total protein, albumin and total cholesterol were significantly lower in rats fed LP diets than in rats fed CP diets (Table   3) . No significant differences were evident in plasma triglyceride levels among groups (Table 3) . Relative liver weight was higher in the LP Ϫ MCT group than in other groups (Table 3) . Plasma concentration of total ketone body was lower in the LP Ϫ MCT group than the CP-MCT group, but similar in the LP ϩ MCT and CP ϩ MCT groups (Table 3) .
Hepatic triglyceride content and Oil-Red O staining
Dietary protein ( p Ͻ 0.001) and lipid ( p ϭ 0.003) showed significant effects on hepatic triglyceride content, along with a significant interaction ( p ϭ 0.012). Hepatic triglyceride content increased in LP groups compared with CP groups (Fig. 3A) , whereas hepatic triglyceride content in the LPϩMCT group significantly decreased compared with the LPϪMCT group (Fig. 3A) . The results of Oil-Red O staining also showed that obvious triglyceride accumulation was observed in the livers of the LP groups (Fig. 3B) . However, intake of MCT caused reduction in low-protein induced hepatic triglyceride accumulation, which was confirmed by Oil-Red O staining (Fig. 3B) .
Levels of mRNAs encoding proteins involved in fatty acid oxidation in livers of rats fed experimental diets
Two-way ANOVA showed a significant effect of dietary lipid (pϭ0.002), but not of protein (pϭ0.362) on carnitine palmitoyltransferase (CPT) 1a mRNA level (Fig. 4A) . Furthermore, a significant interaction was apparent (pϭ0.002). A significant effect was seen for dietary protein (pϭ0.002), but not for lipid (pϭ0.118) on CPT2 mRNA level (Fig. 4C) . A significant interaction was also seen (pϭ0.005). Levels of mRNAs encoding CPT1a and CPT2 were significantly decreased in the livers of the LPϪMCT group, compared with those in the livers of other groups (Fig. 4A, C) . Two-way ANOVA showed significant effects of dietary protein (pϽ0.005) on levels of mRNAs encoding carnitine-acylcarnitine translocase (CACT) (Fig. 4B) , long-chain acyl-CoA dehydrogenase (LCAD) (Fig. 4D) , medium-chain acyl-CoA dehydrogenase (MCAD) (Fig.  4E ) and acyl-CoA oxidase (ACO) (Fig. 4F) . Dietary lipid had significant effects on levels of mRNAs encoding LCAD (pϭ0.028) and ACO (pϭ0.007), but not on mRNAs encoding CACT (pϭ0.353) or MCAD (pϭ 0.143).
DISCUSSION
The factors underlying the development of fatty liver in protein malnutrition are poorly understood. The present findings suggest that decreased expression of genes encoding proteins involved in fatty acid oxidation is one of the factors underlying the development of fatty liver induced by protein deficiency. The mitochondrial outer membrane enzyme CPT1a is known to play a pivotal role in the regulation of ␤-oxidation in the liver (14) . Levels of CPT1a protein change during development and in response to nutritional status. Fatty liver induced by protein deficiency is a common symptom in young children rather than adults (1) (2) (3) (4) (5) . It was reported that the level of hepatic CPT1a was high during the entire suckling period (15). After weaning, the level of hepatic CPT1a decreased in rats fed a high-carbohydrate diet (15) . However, levels of CPT1a in weaning rats fed the high-carbohydrate diet were double the levels seen in adult rat livers (15) . These developmental changes in CPT1a protein were closely related to the changes in its mRNA levels (15) . A moderate increase in CPT1a is sufficient to stimulate fatty acid oxidation and substantially reduce hepatic triglyceride accumulation in rats (16) . In the present study, both the decreased level of hepatic CPT1a mRNA and development of fatty liver were observed in growing rats fed low-protein diets. The influence that a decrease in CPT1a mRNA exerts on lipid metabolism may be greater in growing rats than adult rats. On the other hand, it is well known that CPT1a is tightly regulated by its physiological inhibitor malonyl-CoA (17) . A recent study suggests that malonyl-CoA inhibits the CPT1a activity by interfering with the binding of carnitine (18) . In the present study, we can not exclude the possibility that intake of a low-protein diet influences malonyl-CoA levels. As MCFA can cross the mitochondrial membrane for oxidation via carnitine-independent mechanisms (7), hepatic triglyceride deposition might be attenuated in the LPϩMCT group, compared with the LPϪMCT group. Accelerated ␤-oxidation produces excess acetylCoA. Much of this acetyl-CoA will be converted into ketone bodies. In the present study, decreased RQ and increased plasma ketone bodies were observed in the LPϩMCT group, compared with the LPϪMCT group. In future studies, direct measurements of ␤-oxidation in the LPϩMCT group will be important.
In the present study, sucrose was used to replace calories lost by eliminating protein in the low-protein diets. High-sucrose diets have been shown to affect hepatic lipid metabolism (19) (20) (21) (22) . Furthermore, a recent study suggests that fructose, not glucose, is the primary cause of hepatic abnormality after chronic high-sucrose ingestion (22) . Sucrose content in the low-protein diets in the present study was 40%, while most high-sucrose diets in previous studies contained 65-70% sucrose (19) (20) (21) (22) . We can not, however, exclude the possibility that intake of sucrose influenced hepatic triglyceride deposition in the present study.
Decreased expression of the mRNAs encoding CPT1a and CPT2 caused by feeding the low-protein diet was attenuated by MCT supplementation. Peroxisome proliferator-activated receptor ␣ (PPAR␣) is known as an important factor that transcriptionally activates numerous genes participating in fatty acid oxidation (23) (24) (25) . Previous studies have reported that PPAR␣-null mice developed marked hepatic steatosis when maintained under starvation conditions (23) or with methionine-and choline-deficient diets (24) . Although both MCAD and ACO genes are the target genes of PPAR␣ as well as CPT1a and CPT2 (25) , expression levels of these mRNAs did not show differences in livers of the LPϪMCT and LPϩMCT groups. Factors other than PPAR␣ might be important to regulate the gene expression of CPT1a and CPT2 by MCT supplementation. Furthermore, MCFA is metabolized via CPT-independent mechanisms (7) . Controlling the expression of mRNAs encoding protein involved in the carnitine cycle is not directly due to MCT stimulation, and other factors that are influenced by MCT supplementation might be important.
Previous studies in well-nourished rodents have reported that long-term feeding with MCFA attenuates the accumulation of body fat, but induces triglyceride accumulation in the liver (26) (27) (28) . The hepatic triglyceride accumulation induced by dietary MCFA was remarkable under sufficient energy intake (26) . In the present study, no difference in hepatic triglyceride levels was seen between the CP-MCT and CPϩMCT groups. It seems that hepatic triglyceride accumulation was not observed because rats in the CPϩMCT group also existed in a state of energy malnutrition. Furthermore, hepatic triglyceride accumulation induced by dietary MCFA has been shown to be caused by enhancing de novo lipogenesis (27, 28) . In addition to fatty acid oxidation, it will be important to study the effects of MCT on other pathways that influence hepatic lipid deposition, including lipid uptake and de novo lipogenesis, under conditions of protein malnutrition.
In summary, this study indicates that levels of CPT1a mRNA and CPT2 mRNA were decreased in the livers of growing rats with protein malnutrition. In children with severe protein malnutrition, total energy intake may be sufficient, unlike in the rats fed low-protein diets in the present study. However, these findings may explain, at least in part, the mechanisms underlying fat deposition in the livers of children with protein malnutrition. Furthermore, this study suggests that MCT supplementation may be beneficial to prevent fatty liver caused by protein malnutrition in children.
